INTRODUCTION
The ability to sense and integrate diverse environmental signals is essential for both prokaryotic and eukaryotic cells to mount appropriate physiological responses. Cells have the capacity to sense two fundamental signals from their growth environment: the availability of nutrients and conditions of stress. Although many bacteria can also detect the presence of other bacteria through quorum sensing, eukaryotic cells, especially those of multicellular organisms, can perceive an enormous variety of additional signals from surrounding cells in the form of growth factors, cytokines and cell-adhesion molecules. Significant progress has been made in delineating the biochemical pathways that sense and relay individual signals within cells. However, the molecular mechanisms by which eukaryotic cells integrate multiple concurrent signals to appropriately alter cell physiology are less well understood. Underlying this problem is that, to date, few points of integration have been identified that can sense and respond to a variety of distinct signals.
Over the past decade, a protein complex consisting of the TSC1 (also known as hamartin) and TSC2 (also known as tuberin) proteins has been the focus of geneticists, cell biologists and biochemists alike. Through their collective work, a central role for this complex in linking a network of seemingly unconnected signalling pathways has been revealed. As detailed below, the TSC1-TSC2 complex has emerged as a critical integrator of growth-factor, nutrient and stress signals to control protein synthesis, cell growth and other cellular processes.
TSC (TUBEROUS SCLEROSIS COMPLEX) AND THE TSC1-TSC2 COMPLEX
The TSC1 and TSC2 genes were identified in 1997 and 1993 respectively as the genetic loci mutated in the autosomal dominant tumour syndrome TSC [1] [2] [3] . TSC is a multisystemic disorder characterized by the development of numerous benign tumours (e.g. hamartomas) most commonly affecting the brain, kidneys, skin, heart and lungs. The clinical manifestations of TSC with the highest morbidity include severe neurological disorders (i.e. epilepsy, autism and mental retardation), renal angiomyolipomas and pulmonary LAM (lymphangioleiomyomatosis). TSC2 mutations have also been found in sporadic (non-TSC-associated) cases of LAM [4] , which primarily affects women and is characterized by smooth-muscle cell proliferation and cystic destruction of the lung. For more details on TSC genetics and pathology, readers should refer to the excellent review by Crino and colleagues [5] .
Upon identification of TSC1 and TSC2 as novel tumour suppressor genes, attention immediately turned to understanding the function of their distinct gene products. The 140 kDa TSC1 and 200 kDa TSC2 proteins share no homology with each other and very little with other proteins ( Figure 1A ). However, orthologues can be found in most eukaryotic cells, including the fission yeast Schizosaccharomyces pombe. The only putative functional domain that is apparent in these two proteins is a region of homology at the C-terminus of TSC2 to the GAP (GTPaseactivating protein) domain of Rap1GAP. Early searches for
Abbreviations used: AMPK, AMP-dependent protein kinase; 4E-BP1, eukaryotic-translation-initiation-factor-4E-binding protein 1; CDK, cyclin-dependent kinase; eIF4, eukaryotic translation initiation factor 4; FKBP12, FK506-binding protein 12; GAP, GTPase-activating protein; GEF, guanine-nucleotide exchange factor; GSK3β, glycogen synthase kinase 3β; IGF-1, insulin-like growth factor 1; IKKβ, inhibitory κB kinase β; InR, insulin/IGF-1 receptor; LAM, lymphangioleiomyomatosis; IRS, insulin receptor substrate; LST8, lethal with SEC13 protein 8; MAPK, mitogen-activated protein kinase; MAPKAP, mitogen-activated protein kinase-activated protein; mTORC, mammalian target of rapamycin; mTORC1, mammalian target of rapamycin complex 1; NF1, neurofibromatosis 1; PDGF, platelet-derived growth factor; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin homologue deleted on chromosome 10; Rheb, Ras homologue enriched in brain; Rictor, rapamycin-insensitive companion of mTOR; RSK, p90 ribosomal protein S6 kinase; RTK, receptor tyrosine kinase; S6K, 70 kDa ribosomal protein S6 kinase; TNFα, tumour necrosis factor α; TOR, target of rapamycin; TORC1, TOR complex 1; TORC2, TOR complex 2; TSC, tuberous sclerosis complex; TSC1-TSC2 complex, hamartin-tuberin complex. 1 To whom correspondence should be addressed (email bmanning@hsph.harvard.edu). a GTPase target revealed that this domain of TSC2 has weak in vitro GAP activity towards both Rap1 and Rab5 [6, 7] , which are two rather distinct small G-proteins. Although these targets may not be relevant in vivo, these studies were important in demonstrating that this region of TSC2 was indeed a GAP domain. Importantly, missense mutations in this domain are found at some frequency in TSC patients [8] , and cell-culture and xenograft experiments have suggested that this domain contains the tumoursuppressor activity of TSC2 [9] . An important finding in understanding the functional link between the TSC1 and TSC2 proteins in tumour suppression came when they were shown to physically associate [10, 11] . With respect to nomenclature, it is worth distinguishing between this complex, the TSC1-TSC2 complex, and the multifaceted disease TSC for which its components are named. This has been a point of confusion in the literature. TSC1 and TSC2 associate through roughly mapped regions [12] ( Figure 1A ) to form what is believed to be a heterodimeric complex, and this is also true of orthologues in the fruitfly Drosophila [13, 14] and the yeast S. pombe [15] . Genetic studies of TSC1 and TSC2 in humans, mice, Drosophila (see below) and yeast strongly suggest that their gene products are interdependent and that these proteins function primarily as a complex. Although the GAP activity of TSC2 is of obvious functional importance to the complex, TSC1 is required to stabilize TSC2 and prevent its ubiquitin-mediated degradation [16, 17] . Aside from those affecting the TSC2 GAP domain, missense mutations in TSC1 or TSC2 commonly destabilize the complex, thereby leading to TSC2 degradation [12, 18] . Although it remains possible that TSC1 and TSC2 have distinct functions outside of the TSC1-TSC2 complex, such putative functions are, as yet, poorly defined and will not be included in our discussion below.
GENETIC LINK TO THE INSULIN/IGF-1 (INSULIN-LIKE GROWTH FACTOR 1) PATHWAY
The major breakthrough in understanding the physiological function of the TSC1-TSC2 complex and its involvement in a well-studied signal-transduction pathway came from studies on organ growth in Drosophila. Three very similar, but independent, genetic screens for regulators of organ growth identified loss-offunction mutations in the Drosophila Tsc1 gene as causative of an eye-overgrowth phenotype [13, 14, 19] . The organ overgrowth resulting from Tsc1 mutations was found to result from both increased cell proliferation and, most strikingly, a cellautonomous increase in size. Importantly, Tsc2 mutations also result in increased cell size [19] , and Tsc1 Tsc2 double mutants have phenotypes identical with that of either single mutant [13] . Furthermore, overexpression of both Tsc1 and Tsc2 dramatically decreases organ and cell size, whereas overexpression of either alone does not [13, 14, 19] . These genetic data strongly implicate the complex between TSC1 and TSC2 as the functional unit for these tumour suppressors, at least for the control of cell proliferation and growth.
As signalling downstream of the InR (insulin/IGF-1) orthologue was known to be a critical regulator of cell size in Drosophila (for a review, see [20] ), all three groups [13, 14, 19] performed genetic epistasis experiments to determine whether the TSC1-TSC2 complex was involved in this pathway. Indeed Tsc1 and Tsc2 mutations and co-overexpression exhibited strong genetic interactions with components of InR signalling, including InR, PTEN (phosphatase and tensin homologue deleted on chromosome 10), Akt (also known as protein kinase B) and S6K (70 kDa ribosomal protein S6 kinase; also known as p70S6K), for the control of cell growth. Most striking was the finding that the lethality of InR loss-of-function mutants could be partially rescued by loss of one functional copy of either Tsc1 or Tsc2 [13] . Collectively, these studies demonstrated that the TSC1-TSC2 complex was a critical negative regulator of signalling downstream of InR and Akt. However, these genetic analyses could not distinguish between this complex acting within the InR pathway or in a parallel pathway merging on common downstream targets.
Subsequent to these genetic studies, biochemical studies found that the TSC1-TSC2 complex acts directly downstream of the serine/threonine kinase Akt within this pathway. Employing a combination of biochemistry and bioinformatics, an unbiased screen for new Akt substrates in mammalian cells found that Akt directly phosphorylates two residues on TSC2 (Ser  939 and Thr   1462 in full-length human TSC2) that are conserved in the Drosophila orthologue [21] . Two additional studies, examining this possible link directly, also found that Akt phosphorylates these two sites within cells [22] , and this is also true of the conserved Drosophila sites (Ser 924 and Thr 1518 ) [23] . Akt-mediated phosphorylation of these sites on TSC2 appears to be important for insulin and other growth factors to activate key downstream regulators of cell growth (see below). The molecular mechanisms of TSC1-TSC2 complex regulation by multisite phosphorylation are discussed in detail below.
CELL GROWTH CONTROL THROUGH TOR (TARGET OF RAPAMYCIN) AND S6K
The seminal studies in Drosophila, described above, and subsequent studies, strongly suggested that the TSC1-TSC2 complex inhibits cell growth by inhibiting the activation of S6K. In previous genetic studies, S6K was found to be a critical driver of cell growth, as S6k mutant fruitflies were found to be smaller, a phenomenon due exclusively to a decrease in cell size [24] . S6k loss-of-function mutations suppressed the eye-overgrowth phenotype of Tsc2 mutants [14, 25, 26] , and S6k overexpression suppressed the decreased-cell-size phenotype caused by Tsc1 and Tsc2 overexpression [14, 19] . Importantly, loss-of-function mutations in the gene encoding Drosophila TOR, an essential upstream activator of S6K, also suppressed Tsc2 mutant phenotypes [25] , and mutations reducing TOR and S6K activity were found to rescue the lethality caused by Tsc1 mutations [26] . These studies demonstrated that the TSC1-TSC2 complex acts as an upstream inhibitor of S6K, perhaps through inhibition of TOR signalling.
TOR proteins are serine/threonine kinases of the PIKK (phosphoinositide 3-kinase-related kinase) family, with orthologues found in all eukaryotes. TOR proteins play an evolutionarily conserved role in the control of cell growth (i.e. an increase in cell size), but they have also been found to regulate aspects of cell proliferation, survival and metabolism in specific settings (for focused reviews on the function of TOR proteins, see [27] [28] [29] [30] ). TOR proteins are found in two functionally distinct complexes that coexist in cells from yeast to humans [31] ( Figure 1B) . The best characterized of the two complexes is TORC1 (TOR complex 1), which comprises TOR, Raptor [regulatory associated protein of mTOR (mammalian target of rapamycin)] and LST8 (lethal with SEC13 protein 8). TORC2 is comprised of TOR, Rictor (rapamycin-insensitive companion of mTOR), SIN1 (stress-activated-protein-kinase-interacting protein 1) and LST8 (reviewed in [29, 30] ). Little is currently known regarding the regulation and function of TORC2. Although it has been shown to regulate aspects of the actin cytoskeleton [32, 33] , the only direct target of mTORC2 (mammalian TORC2) identified to date is Akt. mTORC2 phosphorylates Akt on a residue (Ser 473 ) within a hydrophobic motif C-terminal to its kinase domain, and this contributes to the full activation of Akt downstream of growth factors [34] . TORC1 is strongly sensitive to inhibition by the naturally occurring compound rapamycin and by a large number of synthetic analogues (e.g. RAD001 and CCI779), whereas TORC2 is insensitive to acute rapamycin treatment. Rapamycin binds to FKBP12 (FK506-binding protein 12), a highly conserved peptidyl-prolyl isomerase of the immunophilin family [35] , and the FKBP12-rapamycin complex binds to and inhibits TOR within TORC1, but not TORC2 (reviewed in [29] ). Conclusions regarding TOR protein function have relied heavily on the use of rapamycin and are therefore probably specific to TORC1. However, prolonged rapamycin treatment affects mammalian TORC2 (mTORC2) assembly and can block mTORC2 function in some cells [36] . mTORC1 (mammalian TORC1) has two well-characterized classes of downstream targets, the ribosomal S6 kinases S6K1 and S6K2, and 4E-BP1 and 4E-BP2 [eIF4E (eukaryotic translation initiation factor 4E)-binding proteins 1 and 2], which possess residues found to be directly phosphorylated by the mTOR kinase within this complex ( Figure 1B ; reviewed in [27] [28] [29] [30] ). S6K1 and S6K2 (referred to collectively here as S6K) are phosphorylated by mTORC1 on a hydrophobic motif that shows high similarity to that of Akt. Therefore S6K and Akt, which are members of the same kinase family, are phosphorylated on a similar motif by mTOR, but mTOR regulates these two kinases as part of two distinct complexes, namely mTORC1 and mTORC2 respectively. Phosphorylation of S6K on Thr 389 (numbering according to the 70 kDa isoform of S6K1) within this motif is required for its activation, and rapamycin treatment of cells leads to rapid loss of S6K phosphorylation and activity [37, 38] . Once active, S6K phosphorylates downstream substrates, such as ribosomal S6 and eIF4B, to promote mRNA translation. 4E-BP1 is phosphorylated by mTORC1 on residues within a distinct motif from that found in S6K. Four separate proline-directed sites ( Ser / Thr -Pro) on 4E-BP1 (Thr 37 , Thr 47 , Ser 65 and Thr 70 ) can be phosphorylated by mTORC1 and are sensitive to rapamycin treatment [39, 40] . Phosphorylation of the 4E-BPs triggers their release from eIF4E at the 5 7-methyl-GTP cap of mRNAs, thereby precipitating events initiating capdependent translation. Therefore mTORC1 activation promotes cell growth, at least in part, by increasing the anabolic process of protein synthesis through activation of S6K and inhibition of 4E-BP [41] .
It is now recognized that the primary function of the TSC1-TSC2 complex is as a critical negative regulator of mTORC1 activation. The Drosophila genetic experiments described above demonstrated that the TSC1-TSC2 complex inhibits S6K activation, suggesting that the complex might specifically inhibit TORC1 signalling. Indeed, subsequent experiments in mammalian cells demonstrated that mTORC1-mediated (i.e. rapamycin-sensitive) phosphorylation of both S6K1 and 4E-BP1 is inhibited by TSC1-TSC2 complex overexpression and is activated in cells lacking the TSC1-TSC2 complex [21, 22, 25, [42] [43] [44] [45] . Most striking is the effect of TSC gene disruption on mTORC1 signalling, which becomes robustly activated in a growth-factorindependent manner. Elevated mTORC1 activity has also been detected in all rodent and human tumours and tumour-derived cell lines lacking TSC1 or TSC2 (see, for example, [42, [45] [46] [47] [48] [49] [50] ).
Aberrant mTORC1 signalling is believed to be the driving force behind tumour formation triggered by loss of these tumour suppressors. In rodent models of TSC, short-term inhibition of mTORC1 with rapamycin (4 days or less) initiates apoptosis within tumours [46, 51] , and prolonged treatment with rapamycin, or its analogue CCI779, blocks tumour formation and causes tumour regression [52, 53] . On the basis of our molecular understanding of this critical connection between the TSC1-TSC2 complex and mTORC1 inhibition, several clinical trials have been initiated over the past few years to test the efficacy of rapamycin and its analogues for the treatment of specific clinical manifestions of the TSC and LAM diseases. Although it is still early days with these trials, the results thus far demonstrate that mTORC1 inhibitors reproducibly decrease the size of tumours with TSC gene mutations [54] [55] [56] .
Rheb (Ras HOMOLOGUE ENRICHED IN BRAIN): THE SMALL G-PROTEIN TARGET OF THE TSC2 GAP DOMAIN
As with the TSC-TOR connection, the small G-protein regulated by the TSC1-TSC2 complex to control mTORC1 activation was identified and characterized through a combination of genetics and biochemistry. Rheb is a member of the Ras superfamily that appears to be conserved in all eukaryotes and, despite the term 'brain' in its name, is in fact ubiquitously expressed in mammals. In Drosophila genetic studies, Rheb was found to promote cell growth in a TOR-and S6K-dependent manner [57] [58] [59] and to act downstream of TSC1 and TSC2 [58] [59] [60] . Biochemical studies demonstrated that the TSC1-TSC2 complex directly regulates Rheb in both Drosophila and mammalian cells [60] [61] [62] [63] [64] . The GAP domain of TSC2 within this complex stimulates the intrinsic GTPase activity of Rheb [60] [61] [62] , which is low relative to that of other small G-proteins [65] , thereby expediting the conversion of Rheb-GTP into Rheb-GDP. In mammalian cells, a Rheb homologue exists, named Rhebl1 (Rheb like-1) or Rheb2, that appears to have overlapping functions with Rheb in controlling mTORC1 signalling downstream of TSC1 and TSC2 [66, 67] .
Collectively, these studies demonstrate that the TSC1-TSC2 complex inhibits mTORC1 signalling through its GAP activity towards Rheb (Figure 2A ). Whether a GEF (guanine-nucleotide exchange factor) exists that counters the activity of the TSC1-TSC2 complex in the control of Rheb remains unknown. A study of the role of TCTP (translationally controlled tumour protein) in Drosophila development suggested that it might function as Under poor growth conditions, the TSC1-TSC2 complex acts as a GAP for Rheb, thereby stimulating the conversion of Rheb-GTP into Rheb-GDP. Under optimal growth conditions, Rheb-GTP accumulates and binds directly to mTOR within mTORC1 to somehow activate it. Whether a GEF exists that counters the activity of the TSC1-TSC2 complex for Rheb regulation is not known. mLST8, mammalian LST8. (B) Model 2. The TSC1-TSC2 complex acts as described in (A) above, but Rheb-GTP activates mTORC1 through binding to FKBP38, thereby triggering its release from mTOR. In this model, FKBP38 inhibits mTORC1 under poor growth conditions in a manner analogous to the rapamycin-FKBP12 complex.
a Rheb GEF [68] . However, whether this very abundant, often secreted, chaperone-like protein plays any in vivo role in Rheb regulation is unclear.
Although genetic and biochemical studies strongly suggest that GTP-bound Rheb potently activates mTORC1, the molecular mechanism has been somewhat elusive. Purified Rheb loaded with GTP, but not GDP, stimulates mTORC1 s in vitro kinase activity in a dose-dependent manner [69] , suggesting that the regulation is rather direct (Figure 2A ). Rheb has been found to bind to mTOR in overexpression studies [67, 70] . However, associations between endogenous Rheb and components of mTORC1 have not been detected. In general, Ras-related small G-proteins bind to their downstream effectors only in the GTP-bound state. Paradoxically, Rheb has been found to bind more tightly to mTOR in its GDP-bound or nucleotide-free states [70] . However, the interaction between Rheb and TOR from fission yeast appears to be dependent on Rheb binding to GTP [71] . Recently, Rheb was found to directly associate with the FKBP12 homologue FKBP38 (also known as FKBP8), and this interaction appears to be stronger with GTP-loaded Rheb [72] . In addition, FKBP38 binds to mTORC1 preferentially under poor growth conditions (i.e. serum or amino acid withdrawal), when mTORC1 is inactive, and FKBP38 appears to associate through the FRB (FKBP12-rapamycin-binding) domain of mTOR. That study suggests an intriguing model in which Rheb-GTP binds to FKBP38 and triggers its release from mTORC1, thereby stimulating mTORC1 activation ( Figure 2B ). In support of this model, an independent study carried out before that one found that decreasing FKBP38 expression with antisense oligonucleotides blocked the growthinhibitory effects of TSC1-TSC2 overexpression [73] . Although more studies are needed, these findings suggest that FKBP38 might be a Rheb effector that regulates mTORC1 and, perhaps, unknown targets downstream of the TSC1-TSC2 complex and Rheb.
SIGNAL INTEGRATION BY THE TSC1-TSC2 COMPLEX
Through its downstream targets, TORC1 activity leads to acute activation of cap-dependent translation, but also leads to a more prolonged increase in the protein-synthetic capacity of the cell by up-regulating ribosome biogenesis (reviewed in [29] ). As protein synthesis is the most energy-consuming anabolic process within eukaryotic cells, it is not surprising that TORC1 has evolved the ability to sense perturbations in optimal growth conditions. Through upstream signalling events, TORC1 senses the availability of intracellular nutrients, the energy status of the cell, conditions of cellular stress, and, in higher eukaryotes, the state of the whole organism through growth factors and cytokines. With the discovery of a small-G-protein switch upstream of TORC1 in most eukaryotes, many researchers have now addressed the possibility that TORC1 might sense some of these signals through pathways affecting the TSC1-TSC2 complex and Rheb. What has emerged from these studies is that the TSC1-TSC2 complex, especially in higher eukaryotes, is a central hub of signal transduction within the cell. Through numerous phosphorylation events on TSC1 and TSC2 ( Figure 3 and Table 1 ), this complex senses signals from a large number of distinct signalling pathways to modulate mTORC1 activity. Although the TSC1-TSC2 complex and Rheb are likely to have additional cellular functions, our discussion below is focused on mechanisms of mTORC1 regulation through these proteins.
Amino acids
As the essential building blocks of proteins, amino acids profoundly affect every step of protein translation, including the events required for translation initiation that are regulated by TORC1. Amino acid sensing is one of the more ancient regulatory mechanisms feeding into TORC1, and in higher eukaryotes, the requirement for amino acids is dominant over inputs from growth factors for TORC1 activation [74] . Unlike the fission yeast S. pombe, the budding yeast Saccharomyces cerevisiae does not encode homologues of TSC1 or TSC2, suggesting that at least some signals emanating from amino acids affect TORC1 in a manner that is independent of these proteins. However, several studies have suggested roles for this complex in the acute attenuation of TORC1 signalling upon amino acid withdrawal from Drosophila or mammalian cells [22, 25, 44, 58] . It is clear from the results obtained from these studies and from additional studies concluding that amino acid signalling occurs independently of TSC2 [75] , that TORC1 signalling is significantly more resistant to amino acid withdrawal in cells lacking the TSC1-TSC2 complex compared with their wildtype counterparts. However, some decrease in TORC1 signalling is reproducibly detected in TSC1-and TSC2-deficient cells, especially if the cells are starved of both serum and all amino acids. Therefore it is fair to state that at least some amino acid sensing by TORC1 occurs independently of the TSC1-TSC2 complex. (A) Phosphorylation of TSC1 at specific residues by different protein kinases. Among these, only the Thr 417 site is conserved between human and Drosophila TSC1. For the alignment, the phosphorylation site is indicated in yellow, identical residues in green, strongly similar residues in blue and semi-conserved residues in grey. (B) Same as above, but for TSC2. Among these sites, only the aligned sites are conserved between human and Drosophila TSC2. It should be noted that the AMPK/GSK3 sites in Drosophila (Ser 1107 /Ser 1103 ) are not found in the same region of the primary sequence as in human TSC2. [58, 77] , and amino acids enhance the ability of overexpressed Rheb to associate with mTOR [76] . However, conflicting data exists as to whether or not Rheb-GTP levels change in response to amino acid starvation and refeeding [60, 75, 77, 78] . In general, the inability of the TSC and TOR research communities to reliably assay Rheb-GDP/GTP ratios in cells has been a limiting factor in determining whether a given signal goes through the TSC-Rheb circuit or through a parallel pathway to regulate TORC1. This is due to both artificially high levels of GTP-bound Rheb observed upon exogenous overexpression of the protein [65] and a lack of antibodies that can immunoprecipitate a significant fraction of endogenous Rheb from cell lysates. Therefore, although Rheb is required for amino acid signalling to TORC1, whether it is involved in amino acid sensing pathways remains unknown.
It seems likely that multiple pathways exist that sense and signal the availability of specific amino acids to TORC1. Recent studies have linked the class III PI3K (phosphoinositide 3-kinase) VPS34 (vacuolar protein sorting 34) [77, 79] and the Ste20 (sterile-20)-related kinase MAP4K3 (mitogen-activated protein kinase kinase kinase kinase 3) [80] to TORC1 activation by amino acids. Although these are significant breakthroughs, there is much we still do not know regarding the regulation of TORC1 by amino acids in any system. It is striking that genetic systems such as those of yeasts, nematode worms and fruitflies have yet to reveal significant insights into this ancient nutrient-sensing pathway.
Growth-factor signalling

PI3K-Akt
The responsiveness of mTORC1 signalling to growth factors has long been linked to activation of PI3K and Akt, but the mechanism was unknown. Through PI3K signalling, Akt is activated by most growth factors to phosphorylate several downstream substates (reviewed in [81] Figure 3B ). Furthermore, there are results suggesting that Ser 939 and Ser 981 might play a similar function in TSC2 regulation [84] (see below). Consistent with Akt activating mTORC1 signalling through phosphorylation of TSC2 on some or all of these sites, alanine-substitution mutants of TSC2 lacking different combinations of these sites were found to dominantly block Akt-mediated activation of mTORC1 when overexpressed [21, 22, 84] . However, what the most critical sites are in vivo and whether individual sites differentially affect downstream regulation of Rheb are currently unknown.
Although the data obtained using phosphorylation-site mutants of TSC2 demonstrate that Akt-mediated phosphorylation of these sites inhibits the function of the TSC1-TSC2 complex in cells, the molecular mechanism of this inhibition has been the subject of much debate. It is important to note that no difference in GAP activity towards recombinant Rheb is detected between TSC1-TSC2 complexes immunoprecipitated from serum-starved or growth-factor-stimulated cells, despite a significant difference in the phosphorylation status of Ser 939 and Thr 1462 on TSC2 (B. D. Manning, unpublished work). Furthermore, there is no difference in GAP activity with the S939A/T1462A (B. D. Manning, unpublished work) or S939A/S981A [84] mutants relative to wildtype TSC2. Therefore, either these immunoprecipitation-GAP assays are not sensitive enough to detect relevant differences, or Akt-mediated phosphorylation of TSC2 inhibits its ability to regulate Rheb through an alternative mechanism without affecting its GAP activity per se. One proposed mechanism involves disruption of the TSC1-TSC2 complex. This was first proposed from work in Drosophila S2 cells that demonstrated an insulinstimulated dissociation of TSC1 and TSC2 that was dependent on the Akt phosphorylation sites [23] . However, another group of researchers [85] has since repeated these experiments without seeing any effect of insulin or the Akt phosphorylation sites on the interaction between TSC1 and TSC2. Furthermore, two studies in mammalian cells found that Akt-mediated phosphorylation of TSC2 had no effect on the association between TSC1 and TSC2 [21, 22] . Two additional studies have found that TSC2 phosphorylation downstream of Akt targets both TSC1 and TSC2 for degradation [82, 86] . However, this does not occur rapidly and, although it might contribute to the long-term effects of Akt on mTORC1 signalling, it cannot explain the immediate effects of Akt activation on mTORC1, which are blocked by Akt phosphorylation-site mutants of TSC2.
Another enticing mechanism is the possibility that phosphorylation of TSC2 alters its subcellular localization, such that it can no longer act as a GAP for Rheb. One study supporting such a mechanism separated crude membrane from cytosolic fractions and found that growth-factor stimulation led to an increase in the levels of TSC2 within the cytosolic fraction [84] . This effect was PI3K-dependent, could also be stimulated by activated Akt and required both Ser 939 and Ser 981 on TSC2. In that study, both TSC1 and Rheb were found exclusively in the membrane fraction, and unlike TSC2, did not show an increase in the cytosolic fraction following growth-factor stimulation. From these findings it was concluded that Akt-mediated phosphorylation of TSC2 on Ser 939 or Ser 981 inhibits the TSC1-TSC2 complex by triggering release of TSC2 from TSC1 at an intracellular membrane also occupied by Rheb. A caveat with this model is that it requires significant and rapid dissociation of TSC2 from TSC1 upon phosphorylationsomething that has not been detected in the majority of studies to date. In addition, two previous studies found that the intact TSC1-TSC2 complex is present in both membrane and cytosolic fractions of cell and tissue homegenates [87, 88] . However, these latter studies did not examine the effects of growth factors on the fractionation properties of TSC1 and TSC2.
Interestingly, phosphorylation of Ser 939 and/or Ser 981 creates a binding site on TSC2 for 14-3-3 proteins [84] , a mechanism of regulation shared by several other Akt substrates (reviewed in [81] contributes to Akt-mediated inhibition of TSC2. However, in 14-3-3 pull-down experiments, both TSC1 and TSC2 were found to bind, and 14-3-3 did not affect the association between TSC1 and TSC2 [90, 91] . It will be important to determine whether 14-3-3-bound TSC2 is hindered in its in vitro GAP activity towards Rheb, thereby suggesting a more direct Akt-dependent inhibitory mechanism on the TSC1-TSC2 complex.
ERK-RSK (extracellular-signal-regulated kinase-p90 ribosomal protein S6 kinase)
In addition to the PI3K-Akt pathway, activation of ERK signalling can also stimulate mTORC1 activity. This is most readily seen with growth stimuli that predominantly activate ERK, but not PI3K, such as the phorbol ester PMA. This ERK-specific activation of mTORC1 involves phosphorylation of the TSC1-TSC2 complex by RSK [also known as p90 RSK or MAPKAP kinase-1 (mitogen-activated protein kinase-activated protein) kinase-1] [92, 93] , which is activated by ERK and has overlapping substrate specificity with Akt [94] . RSK was found to phosphorylate a novel site at the C-terminus of TSC2 (Ser 1798 ) and, to a lesser extent, the two conserved Akt sites (Ser 939 and Thr 1462 ) [93] . Phosphorylationsite mutants of TSC2 lacking these three sites impaired PMAinduced mTORC1 signalling to S6K1. A number of additional sites on TSC2 were found by tandem-MS analyses to be weakly induced by PMA [83] , including an ERK consensus site (Ser 664 ). This site, and a second site on TSC2 (Ser 540 ), were independently found to be directly phosphorylated by ERK and to contribute to ERK-mediated activation of mTORC1 signalling [95] . Strikingly, phosphorylation of Ser 540 and/or Ser 664 by ERK was found to disrupt the association between TSC1 and TSC2. This effect was also detected following phosphorylation of the TSC1-TSC2 complex in vitro, suggesting that it is direct and does not require other proteins. Collectively, these data suggest that ERK signalling activates mTORC1 through multisite phosphorylation of TSC2 by both ERK and its downstream target RSK.
Cytokine signalling
The activation of mTORC1 downstream of most cytokines is likely to occur through the Akt and ERK signalling mechanisms described above. However, recently the pro-inflammatory cytokine TNFα (tumour necrosis factor α) has been found to stimulate mTORC1 signalling through IKKβ (inhibitory κB kinase β)-mediated phosphorylation of TSC1 [96] . IKKβ can associate with TSC1 and appears to phosphorylate both Ser 487 and Ser 511 . The Ser 511 site is a typical IKKβ phosphorylation site and is conserved amongst vertebrate TSC1 orthologues, whereas Ser 487 is a non-canonical site that is found only in mammalian TSC1. Tsc1 −/− mouse embryo fibroblasts expressing TSC1 mutants lacking these sites lose their responsiveness to TNFα for activation of mTORC1, whereas phosphomimetic mutation lead to a basal increase in mTORC1 signalling. Those authors proposed a mechanism involving rapid dissociation of the complex and increased degradation of TSC1. However, the results suggest minimal effects on the stability of the TSC1-TSC2 complex, and the precise mechanism of acute complex inhibition by phosphorylation of these sites is not known.
Energy-and oxygen-sensing pathways
In addition to amino acids, protein synthesis requires sufficiently high levels of cellular energy, in the form of ATP, and mTORC1 signalling is very sensitive to energy depletion [97] . A primary mechanism by which mTORC1 senses the status of intracellular ATP is through direct phosphorylation of TSC2 by AMPK (AMP-dependent protein kinase) [98, 99] . Conditions of energy stress lead to an increase in intracellular levels of AMP, which binds to AMPK, triggering its subsequent activation by upstream kinases, including the tumour suppressor LKB1 (for a review on AMPK regulation and function, see [100] ). Once active, AMPK phosphorylates downstream targets to increase energy-generating catabolic processes and decrease energy-depleting anabolic processes, such as protein synthesis. AMPK phosphorylates TSC2 on at least two residues (Ser 1387 and Thr 1271 ), of which Ser 1387 better meets the consensus for an AMPK site. TSC2 mutants that cannot be phosphorylated on these sites have been shown to block the inhibitory effects of energy stress-inducing agents (e.g. 2-deoxyglucose) on mTORC1 signalling [98] . These findings suggest that AMPK inhibits mTORC1 under these poor growth conditions, at least in part, by phosphorylating and activating TSC2. However, the molecular mechanism by which phosphorylation of these residues activates the TSC1-TSC2 complex is unknown, and direct effects on its GAP activity toward Rheb have not been demonstrated. Interestingly, AMPKdependent phosphorylation of TSC2 on Ser 1387 primes TSC2 for further phosphorylation by GSK3β (glycogen synthase kinase 3β) [101] . This appears to be specific to GSK3β regulated within the Wnt pathway, rather than downstream of Akt, as Wnt signalling inhibits GSK3β-mediated phosphorylation of TSC2. An independent study also found that GSK3β could phosphorylate TSC1 in vitro [102] , but the identity of the sites and potential in vivo regulatory effects are not known. GSK3β phosphorylates TSC2 on Ser 1371 , Ser 1375 , Ser 1379 , and Ser 1383 N-terminal to the AMPK site, and this somehow contributes to TSC1-TSC2 complex activation and subsequent mTORC1 inhibition under conditions of energy depletion. Therefore Wnt signalling, which inhibits GSK3β, appears to activate mTORC1 by overcoming AMPK-mediated activating effects on the TSC1-TSC2 complex [101] . This represents a very interesting mode of signal integration by the TSC1-TSC2 complex. However, it is currently unclear as to what developmental state or physiological condition might dictate such cross-talk between energy-sensing pathways and Wnt signalling. mTORC1 signalling is also inhibited under conditions of oxygen depletion (i.e. hypoxia) [103] . Hypoxia appears to block mTORC1 signalling through two mechanisms, both of which involve regulation of the TSC1-TSC2 complex. As oxygen is required for aerobic ATP production through mitochondrial oxidative phosphorylation, hypoxia causes energy stress and activates AMPK. Therefore hypoxia can inhibit mTORC1 through AMPK-mediated phosphorylation and activation of the TSC1-TSC2 complex [104] . However, AMPK-independent effects of hypoxia on mTORC1 have also been described [105] . This mechanism involves a transcriptional target of HIFα (hypoxia-inducible factor α) called REDD1 (also known as RTP801, DDIT4 or Dig2). Two genes encoding the Drosophila orthologues of REDD1, scylla and charybdis, were found to be genetic suppressors of an overgrowth phenotype caused by Akt activation and were placed upstream of the TSC1-TSC2 complex genetically [106] . Subsequent studies in mammalian cells found that the induction of REDD1 expression under hypoxic conditions was required for proper attenuation of mTORC1 signalling [105] , demonstrating that this mode of regulation is conserved. The REDD1 protein does not have any apparent functional domains. However, REDD1 has recently been found to bind to 14-3-3 proteins, in part, through a motif surrounding Ser 137 [89] . The surprising data accompanying this finding suggests that REDD1 inhibits mTORC1 by reversing Akt-mediated inhibition of the TSC1-TSC2 complex. The proposed mechanism involves the movement of 14-3-3 proteins bound to two Akt phosphorylation sites on TSC2 (Ser 939 and Thr 1462 ) from these sites to Ser 137 on REDD1, thereby activating the TSC1-TSC2 complex. As 14-3-3 proteins are thought to bind only to phosphorylated motifs, it will be important to determine whether this site on REDD1 is indeed phosphorylated and to identify the protein kinase responsible for triggering this unusual mode of regulation. It is also worth noting that this putative phosphorylation site is not conserved in the Drosophila orthologues of REDD1. Finally, REDD1 has also been found to be induced by energy stress and to play a role in AMPK-mediated TSC1-TSC2-dependent regulation of mTORC1 [107] . Although more work is needed to fully understand the molecular mechanism(s) of REDD1 function, these recent findings suggest a tight link between Akt signalling and the sensing of both cellular oxygen and energy at the level of the TSC1-TSC2 complex.
Cell-cycle regulators
How the TSC1-TSC2 complex, mTORC1 signalling and protein synthesis in general are regulated over the course of the cell cycle is poorly understood. However, there are studies suggesting a role for CDKs (cyclin-dependent kinases) in the regulation of the TSC1-TSC2 complex. Nocodazole-induced arrest of the cell cycle in G2/M-phase was found to lead to an increase in the phosphorylation of TSC1 on a proline-directed site, and this was blocked by a pharmacological inhibitor of CDKs [108] . Three consensus CDK sites on human TSC1 (Thr 417 , Ser 584 and Thr 1047 ) appear to be the target of this phosphorylation, and these sites are phosphorylated in vitro by CDK1-cyclin B complexes. Overexpression of TSC1 lacking these phosphorylation sites is slightly more efficient than wild-type TSC1 at suppressing S6K activation, suggesting that phosphorylation of these sites might inhibit the TSC1-TSC2 complex. However, the molecular mechanism of such an inhibition and whether mTORC1 is activated at the G2-phase/M-phase transition, by this or any other mechanism, are currently unknown. In addition, cyclin D has been found to associate with TSC2 in overexpression studies, and overexpression of CDK6-cyclin D complexes appears to increase phosphate incorporation into both TSC1 and TSC2, albeit at unknown sites [109] . However, whether CDK4/6-cyclin D directly phosphorylates the TSC1-TSC2 complex to regulate mTORC1 activity at the G1-phase/S-phase transition is not known.
Stress signalling through p38 and MAPKAP kinase-2
TSC2 was found to be phosphorylated on Ser 1254 by MAPKAP kinase-2, which is activated downstream of p38 MAPK (mitogenactivated protein kinase) [110] . Ser 1254 phosphorylation was shown to create a 14-3-3-binding site on TSC2, but others have failed to observe a role for this site in 14-3-3 binding [84, 89] . Furthermore, whether this phosphorylation stimulates or inhibits TSC1-TSC2 complex function is not clear. However, conditions of cellular stress, which often activate p38, would be predicted to activate the TSC1-TSC2 complex to inhibit mTORC1 signalling.
Phosphorylation sites with unknown kinases
Many additional in vivo phosphorylation sites on TSC1 and TSC2 have been identified by MS studies. Eight new sites on both TSC1 and TSC2 have been reported [83] , but the regulatory inputs and kinases responsible for these 16 phosphorylation events are unknown. Although some of these sites are likely to represent novel regulatory mechanisms, it remains possible that many are unregulated sites involved in protein folding or stability. However, this analysis did reveal a novel site (Ser 1364 ) on TSC2 as being robustly phosphorylated in response to PMA, and the use of pharmacological inhibitors suggest that phosphorylation of Ser 1364 might be dependent on a protein kinase C isoform. Therefore the TSC1-TSC2 complex is phosphorylated on dozens of sites, many of which remain to be characterized, that might contribute to its signal-integrating capacity and downstream modulation of mTORC1 activity.
THE TSC1-TSC2 COMPLEX AND mTORC2
Although it is now clear that the TSC1-TSC2 complex is a critical upstream inhibitor of mTORC1, a role for this complex in the regulation of mTORC2 and its subsequent phosphorylation of Akt has been more difficult to ascertain. Much of the difficulty in this regard stems from the existence of an mTORC1-dependent feedback mechanism that, especially in cells lacking the TSC1-TSC2 complex, blocks growth-factor-stimulated phosphorylation of Akt (reviewed in [111] ). This feedback mechanism affects the IRS (insulin receptor substrate) proteins and, in some cells, the PDGF (platelet-derived growth factor) receptor, and renders the PI3K-Akt pathway resistant to insulin/IGF-1 or PDGF stimulation [112] [113] [114] [115] . This effect can be restored, at least partially, by prolonged treatment of TSC-deficient cells with rapamycin. However, Akt phosphorylation and downstream signalling appear to be attenuated more generally upon disruption of the TSC1-TSC2 complex, as seen under full serum growth conditions or in TSC-related tumours [50, 115, 116] . Therefore, in a recent study, we asked whether mTORC2 kinase activity was affected by loss of the TSC genes and might contribute to the decrease in Akt-Ser 473 phosphorylation in these settings [117] . Indeed, mTORC2 kinase activity, assayed via Rictor immunoprecipitation kinase assays on an exogenous Akt substrate, was found to be severely blunted in a variety of cells lacking an intact TSC1-TSC2 complex. Importantly, this effect on mTORC2 activity could be separated from the regulation of both Rheb and mTORC1 by the TSC1-TSC2 complex. Finally, the TSC1-TSC2 complex was found to physically associate with mTORC2, but not with mTORC1. The molecular mechanism through which the TSC1-TSC2 complex promotes mTORC2 activation, and whether some of the pathways that regulate the complexes ability to inhibit mTORC1 also effect its activation of mTORC2, are currently unknown.
DISEASE IMPLICATIONS: TSC AND BEYOND
It is now recognized that aberrant mTORC1 activation is a common molecular event in a number of hamartoma syndromes. Given the large number of signalling inputs that regulate mTORC1 through the TSC1-TSC2 complex (Figure 4) , it is not surprising that loss of the TSC tumour suppressors appears to give rise to the highest levels of constitutive mTORC1 signalling. However, loss of a number of upstream tumour suppressors, which effect specific inputs into the pathway, are likely to lead to more moderate basal increases in mTORC1. Elevated mTORC1 signalling has been detected in tumours of mouse models with mutations in the PTEN (see, e.g., [118, 119] ), LKB1 [99] or NF1 (neurofibromatosis 1) [120, 121] tumour suppressors, which recapitulate some clinical aspects of Cowden disease, PeutzJeghers syndrome and neurofibromatosis type 1 respectively. Loss of these tumour suppressors leads to either activation of pathways that inhibit the TSC1-TSC2 complex (PTEN and NF1) or inhibition of pathways that activate the TSC1-TSC2 complex (LKB1), thus leading to increased mTORC1 signalling. For instance, cells lacking PTEN or NF1 display growth-factorindependent phosphorylation of TSC2 on the inhibitory Akt sites (Ser 939 and Thr 1462 ) [21, 122] . Furthermore, the resulting elevation in mTORC1 activity is essential for tumour development in mouse models of these tumour syndromes, as mTORC1 inhibitors have potent antitumour activity in these mice [118, 119, 121, 123] . Finally, as with TSC tumours, activation of mTORC1 signalling has been detected in the tumours of patients with NF1-or PTENassociated syndromes [120, 124] .
Given the variety of oncoproteins [RTKs (receptor tyrosine kinases), PI3K, Akt, Ras, Raf and Wnt] and tumour suppressors (PTEN and LKB1) that lie upstream ( Figure 4 ) and whose genes are amplified or mutated in a large percentage of sporadic human malignancies, defects in the regulation of the TSC1-TSC2 complex are likely to contribute to tumorigenesis and cancer progression. Activation of mTORC1 has been suggested in several mechanistic studies to be required for neoplastic transformation by oncogenic Ras or Akt (see, e.g., [125] [126] [127] . Furthermore, increased phosphorylation of the TSC1-TSC2 complex on the Akt, ERK and IKKβ sites have been detected in human cancers with elevated mTORC1 signalling [96, 128, 129] . Therefore dysregulation of the TSC1-TSC2 complex and subsequent activation of mTORC1 is likely to be a common molecular event in tumorigenesis.
At first sight, the above discussion would indicate that the TSC disease should be a cancer predisposition syndrome and that mutations in the TSC genes might be common in sporadic cancers. However, TSC is predominantly a tumour syndrome of benign growths and, where examined, TSC gene mutations have not been detected in human malignancies. As discussed above, Akt signalling is blocked upon loss of the TSC1-TSC2 complex through both mTORC1-dependent feedback mechanisms [112] [113] [114] and loss of mTORC2 activity [117] . It is likely that the limited malignancy potential of tumours lacking the TSC genes is due, at least in part, to these multiple mechanisms leading to attenuation of Akt, which is a potent oncoprotein regulating many aspects of tumour progression (reviewed in [81] ). In support of this idea, Akt signalling was found to be attenuated in liver tumours from a mouse model of TSC, and re-activation of Akt, through loss of one copy of PTEN, correlated with a dramatic increase in tumour severity [50] . Therefore, although constitutive mTORC1 signalling is likely to drive tumorigenesis in the TSC disease, loss of Akt signalling is likely to distinguish these tumours from the more aggressive tumours arising from activation of upstream oncogenic pathways.
As the PI3K-Akt pathway is the critical mediator of insulin action on liver, muscle and fat cells, proper regulation of the TSC1-TSC2 complex by Akt contributes to the maintenance of metabolic homoeostasis. For instance, Akt-mediated phosphorylation of TSC2 and subsequent activation of mTORC1 is likely to play a role in stimulating the anabolic growth of muscle downstream of insulin. However, aberrantly high mTORC1 signalling has also been implicated in the development of insulin resistance (reviewed in [111] ). It has been found that mTORC1 activation downstream of growth factors, cytokines or prolonged insulin leads to insulin resistance in cell-culture models. Furthermore, mice lacking the downstream target of mTORC1, S6K1, display enhanced peripheral insulin sensitivity [130] . As discussed above, these effects have been attributed to negative feedback mechanisms affecting IRS proteins [112, 113] , which normally relay the signal from the insulin receptor to PI3K and Akt. Therefore it is likely that conditions of mTORC1-dependent insulin resistance are, at least partially, triggered through aberrant upstream inhibition of the TSC1-TSC2 complex.
Although the advances in our understanding of the regulation and function of the TSC1-TSC2 complex have been immense, there is much we do not understand regarding how this small G-protein switch integrates a full network of upstream signals to regulate mTORC1 activity in various cell types. The study of this complex offers a unique opportunity to define molecular mechanisms by which cells perceive and integrate diverse signals to impose tight control over critical cellular processes. Finally, given the diversity of complex human diseases in which regulation of the TSC1-TSC2 complex goes awry, it is important that we understand not only how this signalling network is wired in normal cells, but also how it is rewired in disease states.
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